boreal ecosystems, it is crucral to know how the species composition and diversity of these ecosystems may change in the future.
Patterns of Boreal Diversity and Their Functional Consequences

Plants
The diversity of dominant vascular plants in the boreal forest is lower than it is in biomes to the north (tundra) or south (prairie and temperate forest). There are generally one to three tree species per stand, with single-species stands being quite common. Most boreal tree species have broad geographic distributions For example. Larix gmelinii dominates most Asian boreal forests, and Picea mariana dominates 40% of Alaskan boreal forests Boreal tree distributions are usually circumpolar at the genus level, with most forests dominated by Larix, Picea, Pinus, Betula, or Populus (Pastor et al. 1996) . Boreal tree species differ strikingly in their rates of growth and nutrient uptake and therefore in the productivity that can be supported at a given rate of resource supply Vedrova 1995) . They also differ strongly in litter quality (Chapin and Kedrowski 1983; Flanagan and Van Clwe 1983; Trofymow et al. 1995) , transpiration rates, flammability, and effects on soil temperature (Oechel and Van Cleve 1986) . As a result, because boreal tree diversity is low, and the existing species differ strongly in their ecosystem impacts (i.e., functional diversity is high), loss or altered abundance of a single tree species could have profound regional consequences (Pastor et al. 1996) .
Both the diversity and types of species change through succession after disturbance. Species richness of vascular plants increases until stands are 10-30 years old. It then generally declines,with increasing age, as a mixture of pioneer shrubs, forb% and grasses are displaced, sometimes by an intermediate deciduous tree phase in relatively warm sites. There is even lower vascular plant diversity in late succession, which in northern and continental regions of the boreal forest is usually coniferous with an understory consisting of a few species of dwarf shrubs (Viereck 1973; Viereck et al. 1983; Van Cleve et al. 1991; Tonteri 1998) . By contrast, nonvascular plants generally increase in abundance and diversity through succession (McCune 1993) . with mosses comprising up to half the production in late-successional coniferous stands (Oechel and Van Cleve 1986) . Early successional boreal species generally have higher rates of nutrient uptake and growth, are more palatable to herbivores, and have higher litter quality than do late successional species (Van Cleve et al. 1991; Pastor et al. 1996) . Thus, any change in disturbance regime and resulting changes in stand age structure have large effects on regional patterns of diversity, productivity, and nutrient cycling.
In general vascular plant diversity decreases to the north in boreal forest (Pastor and Mladenoff 1992) , just as in tundra (see Chap. 8) . whereas lichen diversity increases to the north. In the north the species composition of boreal forest is quite similar to that of tundra, differing primarily in the addition of trees. At the southern margin of boreal forest, there is similarly either a gradual transition to temperate forests in moist areas or a relatively sharp transition to prairies in continental areas (Pastor and Mladenoff 1992) .
Animals
The diversity of folivorous insects in the boreal forest is generally low. Many of these species exhibit strong population fluctuations and can cause widespread defoliation and tree mortality (Kallio and Lehtonen 1973; Holling 1992) . Beetles are a species-rich invertebrate group in the boreal forest. The number of beetle species declines strongly to the north in Sweden (Stokland 1994) , as in many insect taxa (Vaisanen and Heliovaara 1994) , although there are exceptions. For example, sawfly species richness increases to the north (Kouki et al. 1994) . About 70% of the threatened invertebrate species of Swedish forests are beetles (Berg et al. 1994) . For the threatened forest invertebrate species of Finland, more than 60% were associated with decaying wood; this fauna is threatened in those areas of Scandinavia with extensive forest harvest (Kaila et al. 1994) .
The species richness of insects increases with forest age (Niernela 1997) and differs with the species of host tree. For example, in Sweden there are about 45 lepidopteran species associated with living trees of both Scots pine (Pinus sylvesfrir) and Norway spruce (Picea abies), but about four times as many associated with birches (Betula spp.) and willows (Salix spp.) (Bernes 1994) . This implies that changes in age structure and species composition of forests greatly affect insect species richness.
As with plants and insects, there is a low diversity of vertebrates in the boreal forest, with this diversity increasing to the south in parallel with the longer growing season and increased proportion of hardwood species in the vegetation. As with plants, the vertebrate species are widespread, with most genera showing a circumpolar distribution (Pastor et al. 1996) . Among the mammalian herbivores, there are 31 genera in the boreal forests of the northern hemisphere, of which 10 occur in both North America and Eurasia (Danell et al. submitted) . No mammalian herbivore species has its distribution limited to the boreal forest region. Somespecies also occur in tundra, whereas others also occur in temperate forests Because the majority of the mammalian herbivores have a broad spectrum of food plants, we expect this group of species to be relatively insensitive to smallchanges in plant species composition.
There are important longitudinal gradients in mammalian diversity, with midcontinents generally showing the greatest number of vertebrate herbivores (Danell et al. 1996) . reflecting the greater fire frequency (Payette 1992) and therefore a greater abundance of palatable early successional species in these areas (Danell et al. 1996; Pastor et al. 1996) .
Large browsing and grazing mammals (e.g., moose and deer) can at high densities change the abundance of preferred food plant species and greatly influence the rate of plant succession and ecosystem processes Browsing mammals have a strong effect on plant diversity within stands because they are generalist herbivores that take a small quantity of many plant species (Bryant and Chapin 1986 ). This prevents the secondary metabolites of any single plant species from reaching toxic thresholds. They therefore tend to take a larger proportion of rare species than of common species, thus eliminating rare taxa and reducing overall plant diversity. The presence of beavers in boreal forest leads to a dramatic increase in the wetland component and creates a diversified forest landscape (Johnston 1994) .
There are about 50 bird species in any one region of the boreal forest (Haila and Jarvinen 1990) . The diversity of forest birds in Finland decreases toward the north (Jarvinen and Vaisanen 1973) , and species numbers decrease from west to east in both the Palaearctic and Nearctic (Haila and Jarvinen 1990) . In North America, about half of these are tropical migrants whose population dynamics are often influenced more by land use outside the boreal zone than by boreal processes As expected from patterns of insect abundance and diversity, foliage insectivores are concentrated in hardwood stands and ground-feeding insectivores in conifer forests.
Microbes
The types and diversity of microbial enzymes is closely associated with forest type, reflecting diITerences in litter quality. In general, this enzymatic diversity is greatest in late-successional forests where there is an abundance of lowquality litter with a diverse array of chemical defenses against herbivores and pathogens This high microbial diversity in late succession contributes to the large soil fauna and the high diversity of ground-feeding birds There are relatively few species unique to the boreal forest, despite its broad aerial extent. Species diversity commonly decreases to the north, although there are exceptions Analyses of specific groups often identify regions of high diversity (Vaisanen and Helitwaara 1994) , but these patterns often differ among taxa. Specific groups exhibit "hot spots" of diversity (e.g., decaying logs for beetles or riparian floodplains for migratory tropical birds), but these hot spots differ among taxa, so there are a wide variety of boreal habitats that are important reservoirs of diversity.
Past Changes in Boreal Diversity
The boreal forest is a young biome, which was absent from most of its current range 6,000-8.000 years ago (Ritchie 1987; Pastor et al. 1996) . Most of boreal Canada and Europe and mountainous regions of Alaska and boreal Asia were ice covered during the Pleistocene, and ice-free regions were occupied by a steppe-tundra mosaic rather than forest or peatlands (Ritchie 1987; Bmbaker et al. 1995 ). Spruce appears to have migrated into Scandinavia in approximate equilibrium with climate (Kullman and Engelman 1997) . In North America, the westward migration of white spruce preceded that of black spruce; which preceded that of pine (Ritchie and MacDonald 1986; Brubaker et al. 1995) . Pine is widespread in western Canada, but it only extends into the easternmost part of Alaska, even though it grows effectively well beyond its current range, which suggests that in North America boreal taxa are still changing ranges in response to past changes in climate. In North America, boreal taxa derive primarily from midlatitudes in eastern North America and from the Yakutian Plateau of Asia, where they coexisted with many nonboreal genera during the Pleistocene (Pastor et al. 1996) . Because of the short history of the boreal biome and relatively recent coexistence of boreal taxa with nonboreal taxa, we expect that highly specific coevolutionary links among the current boreal biota would be uncommon except among . those interactions that are highly specific (e.g., host-parasite) and subject to strong current selection. For this reason, we expect that loss of a single species would seldom lead to a cascade of extinction-of coevolved species Boreal forest has been subject to leu-intense human impacts than southern biomes, and these impacts are largely restricted to the southern fringe. Nonetheless, these human impacts have substantially reduced biological diversity, particularly as a result of forestry activities (Sjoberg 1995) . In Finland and Sweden (which are primarily boreal forests), recent extinctions ate estimated to be about 3-5% for mammals, 1-3% for birds, 0% for amphibians and reptiles, 1-2% for coleoptera, lichens, and vascular plants, 2% for bryophytes, and 0.51% for macrofungi (Nilsson and Ericson 1997) (Table  6 .1). In Finland (largely boreal forest), the number of threatened (red-listed) species includes 16 mammals (16% of total), 33 birds (26%), 2 amphibians (Nilsson and Ericson 1997) . This is probably at least as high a proportion of biodiversity threatened as is that found in species-rich biomes (e.g., tropical forests). Given that there are so few species present in boreal forest, this high proportion of species loss and endangerment could significantly affect the functioning of these ecosystems In more remote areas of boreal forest such as North America and Russia, human activities may have caused less species loss
Expected Changes in Boreal Diversity
Distribution of the Boreal Forest
Climate warming is expected to cause a northward shift of boreal species (Pastor and Post 1988; Prentice and Fung 1990; Melillo et al. 1996 ). The IMAGE model projects relatively little change in the total area of boreal forest in response to reasonable scenarios of change in climate and land use (Fig. 6 .1) (Alcamo 1994 ). This does not mean, however, that boreal forest distribution will be static. IMAGE projects that boreal forest will expand by 20?'0, largely due to tree colonization of tundra (77% of the total change) and of those cold steppes that receive increased precipitation ( Fig. 6 .1, Table 6 .2). Although the total area of boreal forest is projected to remain relatively constant, about one third of the present boreal forst is projected to be converted to other biomes, and an additional third will be added as trees advance into tundra ( By contrast, the 23% loss of boreal forest projected by IMAGE would result from an interaction of climate and land-use change. The largest initial changes are projected to be conversion to grassland and agriculture at the southern margins of continental areas, and conversion to temperate forests in areas with a maritime influence. As human population rises, however, IMAGE projects that most boreally derived grassland is converted to agriculture except in poor unproductive soils, and much of the temperate and boreal forests become managed for wood products Thus, the model projects by 2100 that land-use change accounts for most (71Yo) of the loss of boreal forest. Only 57% of the current area of boreal forest is projected to persist in its current location over the next century, and this will likely undergo changes in dominant forest type in ways that depend on regional variations in climate and soil type (Pastor and Post 1988) .
Regions differ in the expected changes in distribution of boreal forest. Canada and Russia, which currently have the largest expanses of tundra north of boreal forest, are projected by IMAGE to increase in total area of boreal forest (Fig. 6.2 ), whereas Alaska, Scandinavia, and other countries are projected by IMAGE to show a 60% reduction in area of boreal forest. These projections should be treated cautiously as scenarios of possible change rather than as predictions because of the many uncertainties in predicting future climate and land use and their consequences for vegetation. For example, IMAGE ignores time-lags associated with colonization and migration, so the rates of northern migration of boreal forest into tundra and of temperate trees into boreal forest are probably overestimated by the model (Chapin and Starfield 1997) . particularly where there are dispersal barriers. Moreover, warming may occur more rapidly than some species can migrate (Davis and Zabinski 1992) . Nonetheless, the projected patterns of change provide a reasonable basis for speculations about the consequences of global change for patterns of boreal biodiversity and are consistent with current high rates of forest harvest in China (Tian et al. 1995) and Scandinavia (Sjoberg 1995). 
Causes of Altered Diversity
Species diversity in the boreal forest will undoubtedly change in complex ways due to both gains and losses of species Moreover, the causes of altered diversity will vary temporally and spatially. Despite the complexities and uncertainties, certain predictions are possible (Table 6. 3).
Expected Changes in Drivers of Diversity
There is strong agreement among general circulation models (GCMs) that grcenhouse-gasinduced global warming will be most pronounced at high See rhaptcr I for uplanat~on Expctcd chdnges and xnslllvll~es arc ranked from low (I) to h~gh ( 5 ) Net elTects arc eapmsed as a percentage of the marlmum poss~blc wnsttlvlty latitudes (Table 6 .3); warming will probably occur primarily in late winter and early spring, leading to a longer growing season (Kattenberg et al. 1996; Keeling et al. 1996) . The late winter+arly spring warming that has been observed in many high-latitude regions since 1980 (Chapman and Walsh 1993; Briffa kt al. 1995 ) is consistent with these predictions Synoptic circulation patterns guided by the Rocky and Himalayan Mountains suggest that the geographic pattern of future boreal warming will parallel current trends, with warming being greatest in Siberia, Alaska, and western Canada, and least (currently cooling) over eastern Canada. GCMs do not represent precipitation well at high latitudes and currently offer no consistent predictions of how high-latitude precipitation will change in the future; however, the general predictions that continental areas should experience greater drought and maritime areas experience greater precipitation in the future (Kattenberg et al. 1996) should apply to high latitudes. Increased fire frequency in continental portions of the boreal forest is pro-
'
. jected to accompany increased temperature and drought and may account for the 40% increase in area burned in the Canadian boreal forest since 1980 (Flannigan and Van Wagner 1991) . This prediction.seems quite robust in continental areas of low human population density (e.g., Siberia and central Canada), but it is uncertain in areas with large human populations due to possible changes in fire-control policy, as a result of changes in extent of human habitation (increasing pressure for fire suppression) and available funding (likely reducing the level of fire suppression) (Stocks 1991). The decline in fire number and extent in eastern Canada in the twentieth century is expected from the increased precipitation observed there-a pattern that is likely to continue in maritime areas in the future (Bergeron and Flannigan 1995) . The contrasting trajectories in precipitation and fire frequency between continental and maritime areas should magnify the current longitudinal gradients in ecosystem type and diversity (Danell et al. 1996; Pastor et al. 1996) . Anthropogenic land-use conversion to agriculture is quite likely in those continental areas of boreal forest with suitable soils that are north of major grain belts These areas will become suitable for dryland agriculture where regional warming increases the length of the growing season and reduces probability of Frost. Most agricultural models project that these grain belts will move northward with climatic warming (Alcamo 1994) . Expansion or managed forests andlor agriculture in southern boreal zones near population centers also seems likely in the future. For example, in Scandinavia, only 0.5% of productive forest land is currently protected from cutting (SjBberg 1995). The geographic extent of this anthropogenic land-use change depends on transportation networks and world prices for agricultural and wood products Wood harvest is currently 70% of annual wood production in Scandinavia (i.e., close to the maximum biological potential and probably exceeding a harvest rate that is sustainable) (Sjoberg 1995) . Wood prices are expected to increase as the global demand for fiber exceeds global forest production early in the twenty-first century (Melillo et al. 1996) . IMAGE projects that most of the loss of boreal forest will be to managed forests (Table 6 .2)-primarily to monocultures of low diversity. Thus, we can develop reasonable scenarios of the pattern of conversion of boreal to managed forests, but the extent and rate that this will occur are quite uncertain.
Hunting is currently the major use of unmodified boreal forest. These pressures are intensive near population centers (e.g., Scandinavia) or where there are few regulations (e.g., northeast Russia). In the past intensive trapping of furbearers (e.g., beavers) had major effects on landscape structure and vegetation composition (Bridgham et al. 1995) . Future impacts of game management are difficult to predict because they depend on the relative impact of humans on game species, their predators, and their habitat (Pastor et al. 1996) . Thus, high human populations can increase or decrease the abundance and impact of mammalian herbivores Scandinavian game management has increased moose numbers above their naturally regulated population size (Cederlund and Bergstrom 1996) , whereas intensive hunting in Siberia has reduced moose numbers Atmospheric CO,, nitrogen (N) deposition, and the concentrations of growth-reducing pollutants will be likely at high latitudes as part of the global trend. CO, is globally well mixed, so the increase in c~ncentration will be relatively uniform across the boreal forest, with somewhat higher concentrations at high latitudes (Fung et al. 1983; Keeling et al. 1996) . Future levels of atmospheric nitrous oxides, ammonia, and growth-reducing pollutants (e.g., heavy metals and sulfur dioxide) are relatively localized downwind of point sources Large pollutant impacts will continue to be important downwind of major population centers (e.g., the southern boreal forest of Scandinavia, western Russia, and eastern North America). Additional sources occur in remote areas with economically viable ore deposits The location and future magnitude of these remote pollutant sources depend so strongly on national policies economics, and locations of ore deposits that they should probably be treated as stochastic elements.
The invasion of alien plant species into the boreal zone may be less iikely than in more temperate biomes because of the broad circumpolar distribution of the current boreal flora (i.e., the taxa most likely to successfully establish in the boreal climate zone). As climate warms, howewr, we may expect invasion of alien taxa in the southern boreal zone. It is more important that invasion of insects or pathogens that disperse readily and whose distribution is currently temperature limited could cause dramatic ecological changes (Fleming and Volney 1995) . Insects currently account for greater loss of tree volume than wildfireand amount to one third of theannual harvest volumein Canada (Fleming and Volney 1995) . Their impact is likely to increase in the future.
Biodiversity Scenarios at the Tundra-Boreal Ecotone
At the northern limit of the boreal forest, climatic warming is highly likely to cause an expansion of trees into tundra (Starfield and Chapin 1996) and an increase in shrub density (Brubaker et al. 1995; Chapin et al. 1995) . with an associated expansion of the northern limit of browsing mammals Current and past episodes of treeline advance coincide with warm intervals that increase the rates of production of viable seeds, d dispersal, and seedling establishmenf at treeline (Payette et al. 1985; Payette et al. 1989; Starfield and I Chapin 1996) . although there is a substantial time lag between seedling establishment and conversion to forest (Chapin and Starfield 1997) . Other components of plant diversity are unlikely to be strongly atTected by warming at the northern limit of boreal forest because the species currently found in the understory of northern forests aresimilar to those of tundra beyond the forest limit (Alexandrova 1980) . The major changes in plant species diversity near , the northern limits of boreal forest will probably be associated with increases ' in fire (Payette 1992) , in response to increases in drought in continental areas and to increased fuel load as forests expand. The resulting increase in relative abundance of early successional vegetation will increase the abundance of folivorous insects and mammals, judging from their currently observed correlations with climate. In some cases, however, the northern limit of folivorous insects is directly constrained by the temperature required to complete a life cycle rather than by food plant distribution (Ayres and MacLean 1987) . In these cases we expect a direct response of species range to temperature.
Some components of global change (e.g., agriculture, forestry, and invasion of temperate species) are unlikely to be important at the northern 1 extreme of boreal forest. Other components of global change (e.g., elevated CO,) will likely have minimal impact on north-boreal vegetation because high-latitude vegetation is strongly N-limited Chapin 1980 Van Cleve and Alexander 1981) , which reduces its responsiveness to C02 (Field et al. 1992; Oechel et al. 1994) . Because of the distance of most population centers from the northern treeline, pollutants and N deposition are likely to have less impact than they do in the mid-or southern boreal zone, except where there are strong prevailing southerly winds, as in Scandinavia, or local pollution sources 1,ichens are quite sensitive to pollutants and N deposition and are most diverse in northern boreal forest, so even small changes in these inputs could have large impacts on abundance and diversity of these plants (Richardson and Nieboer 198 1) and on animals such as reindeer that depend on them (Helle 1981) .
In summary, at the northern limit of boreal forest, increased temperature will promote tree invasions (following a substantial lag time) and northward movements of temperature-limited invertebrates. Other global changes are unlikely to affect diversity strongly at the northern treeline, except where localized pollution reduces the diversity of lichens and associated herbivores Although future changes in diversity at the northern limit of boreal forest may be modest. those changes that occur will have dramatic functional consequences. Northward movement of trees and shrub cover would reduce winter range available for caribou and reindeer, which in turn could reduce the viability of subsistence economies of native peoples. Conversion from snow-covered tundra to a dark forest surface in winter increases the energy absorbed by the land surface and acts as a strong positive feedback to regional climate warming (Bonan et al. 1992; Thomas and Rowntree 1992; Bonan et al. 1995) . Northward movement of treeline could also cause the summer position of the arctic front to move northward, greatly changing the regional temperature and synoptic weather patterns (Pielke and Vidale 1995) . The increases in shrub and tree cover in the northern boreal forest seem certain to occur in areas that experience warming, but the timescale of these changes is uncertain. Fires may prevent forest expansion where the climate becomes warmer and drier, causing conversion of tundra to shrubland or grassland rather than forest (Cbapin and Starfield 1997) .
Biodiversity Scenarios at the Southern Boreal Ecotone
At the southern limit of boreal forest, climatic warming and increased fire frequency will substantially increase both species and landscape diversity (Baker 1993; Pastor et al. 1996) , causing replacement of extensive areas of species-poor boreal forest by a forest-grassland mosaic in continental interiors (Hogg and Hurdle 1995) . In maritime regions, increased temperature will promote northward migration of temperate forest species (Pastor and Post 1988) . whereas increased precipitation will enhance palludification of coastal areas, reducing forest cover. In both situations changes in host-pathogen or host-insect relationships could be important causes of plant mortality (Mattson and Haack 1987; Fleming and Volney 1995) . For example, the conversion of large areas of spruce forest to shrubland and grassland in southern Alaska is associated with a temperature increase sufficient to allow spruce bark beetles to complele their life cycle in I year rather than 2 years (Ilolsten 1990) . Fire frequency and prairie expansion at the southern margin would likely increase (Hogg and Hurdle 1995) . The distribution of many fish p o p ulations is similarly temperature limited, such that a small temperature increase might allow invasion of new fish species, which could precipitate trophic changes that alter many ecosystem processes (Carpenter and Kitchell 1993) . Any major increase in tree mortality enhances the probability of fire and opens sites for invasion of new species In contrast to the changes at the northern treeline, increases in tree mortality and conversion of boreal forest to grassland in the south could happen quickly with minimal time lags (Smith and Shugart 1993) .
Land conversion for agriculture in the southern boreal zone would cause a complete shift in plant and animal species composition on these areas, and open new habitats for invasion of weedy herbaceous species, possibly including exotic weeds.
Expansion of forestry has reduced the abundance and diversity of breeding birds (Jarvinen et al. 1977; Virkkala 1987) and will probably continue to do so. Logging might reduce use by neotropical migrants in Eurasia, where they inhabit old-growth stands but increase use by neotropical migrants in Nonh America, where they inhabit younger stands (Ilelle and Jawinen 1986; Helle and Niemi 1994; MonkkGnen and Welsh 1994; Pastor et al. 1996) . Lichens which are more abundant and diverse in old-growth than in managed forests, support a high density and diversity of tree-dwelling invertebrates, which could account for the high diversity of nonmigratory passerine birds in old-growth forests of Scandinavia (Pettersson et al. 1995) . Dead wood of late-successional forests also contributes to diversity of fungi and the insects that depend on them (Heliovaara and Vaisanen 1984; Vaisnen et al. 1993 ). Given the current low diversity of the southern boreal zone, invasion of exotic species has a reasonably high probability of introducing new functional groups that could substantially alter ecosystem processes, creating a positive feedback that would favor additional invasion of new species (Hobbie et al. 1993; .
N deposition and atmospheric pollutants might also haw strong effects at the southern limit of boreal forest due to proximity of human population centers. Both drought and N deposition might make plant growth more . responsive to C02 (Field et al. 1992 ) at the southern than at the northern boreal limit (Kauppi et al. 1992 ), leading to possible additional shifts in species composition. Excessive N deposition and pollution, however, can cause forest dieback (Schulze 1989 ) and major changes in community composition and reductions in diversity. For example, the reduction in lichens in polluted forests can reduce populations of birds that depend on lichenassociated insects (Zang 1990; Pettersson et al. 1995) . In summary, the southern limit of boreal forest will probably exhibit substantial increases in species and habitat diversity, due to increases in fire, conversion to agriculture, and increased insect and pathogen outbreaks. These factors will increase habitat fragmentation and open sites for colonization by new species. Other agents of global change (e.g., N deposition, pollutants, increased atmospheric CO,, and invasion of alien species), will act synergistically to magnify these changes in diversity.
The changes in diversity at the southern limit of boreal forest will be functionally important at several respects. The increased fire and replacement of boreal forest by grassland or temperate forest will cause a net release of CO, to the atmosphere, contributing to global warming (Kun and Apps 1995). The shift from boreal forest to grassland would also modify surface energy exchange with correspondingly large feedbacks to regional climate. At the stand level, the changes in structure, productivity, nutrient cycling, and trophic dynamics caused by altered species and growth-form composition would be much greater than the direct effects of altered temperature and moisture on these processes. In other words, global change would exert its greatest effects on the southern boreal forest indirectly through changes in species composition and diversity.
Biodiversity Scenarios in the Central Boreal Forest
In some respects, the expected changes in the central portion of the boreal forest will be intermediate between those in the north and the south, with increased temperature allowing modest increases in diversity due to northward migration of temperate species and increased drought and fire (where they occur), causing substantial changes in landscape structure as well as stand composition and diversity. In other respects the expected changes in the central boreal forest may be less pronounced and involve changes in the relative abundance of stand types and species already present. For example, increased fire frequency would probably not cause any major gain or loss of boreal species at the regional scale, but instead cause the shift toward more early successional stands, which would enhance the diversity of vascular plants, folivorous birds, and mammalian herbivores, but reduce the diversity of nonvascular plants, beetles, and ground-feeding birds.
Vulnerable Habitats
As described earlier, different components of diversity are concentrated in different habitats. For example, diversity of nonvascular plants, nonfolivorous insects, and the birds that depend on this trophic chain are concentrated in late-successional forests, which are likely to become less common in the future due to increased loggingand fire. Protection of old-growth forests, particularly in the southern boreal forest, may be critical to the maintenance of these components of diversity. Even protected areas will occasionglly bum, however, so there must be enough areas set aside to allow some semblance of the natural fire regime to occur, even in areas protected to maintain oldgrowth forests.
Other components of diversity are maximized in early or midsuccessional habitats. These components of diversity are likely to increase in the future and may not require an active management program, except at those parts of the southern boreal forest where conversion of boreal forest to managed forests or agriculture becomes a major land-use change.
Boreal forest has lower plant diversity than biomes to the north or south. Most forests are dominated by a single tree species Community and ecosystem processes are more sensitive to landscape-scale variation in dominant tree than to broad latitudinal patterns of climate. Gain or loss of even a single tree species could therefore have profound regional consequences Specific groupsexhibit "hot spots"of diversity (e.g., decayinglogs for beetles or riparian floodplains for migratory tropical birds), but these hot spots differ among taxa so there are a wide variety of boreal habitats that are important reservoirs of diversity. In Rnland 15-25% of the species in most taxa are currently threatened with extinction-an extent of potential species loss equivalent to that of many other biomes Less is known about potential extinction rates in less-populated portions of the boreal forest.
The area of boreal lorest is projected by the IMAGE model to remain relatively constant as boreal forest expands northward in response to climate warming and as southern boreal forest changes into agricultural and managed temperate forests Thus climate is likely to be largely responsible for expansiori of boreal forest and land-use change for regions of loss. At the northern limit of boreal forest, increased temperature will promote tree invasions (following a substantial lag time) and northward movements of temperature-limited invertebrates. The southern limit of boreal forest will probably exhibit substantial increases in species and habitat diversity due to increases in fire, conversion to agriculture, and increased insect and pathogen outbreaks. These factors will increase habitat fragmentation and open sites for colonization by nonboreal species. These changes in diversity, although perhaps small in terms of the number of species involved, are likely to have effects They will likely n d u n regional albedo and act as a positive feedback to warming at the tundra-boreal boundary, but will reduce . albedo and slow regional warming at the southern regional boundary. In addition to the large functional changes likely to occur within the boreal biome, the potential impacts on tropical migrant birds and on climate could affect diversity and associated ecosystem and community processes far beyond the boreal forest. There has been considerable recent interest in the ecosystem consequences of global and regional shifts in biogeochemical cycling and the loss of species diversity. Since biogeochemical cycling is the result of an interaction of numerous organisms, the link between diversity and biogeochemistry is a natural one. changes in either diversity or biogeochemiical &ling can dramatically influence one another, and the large human impact on both has the capacity to compromise the ecosystem functions on which society relies. A number of significant changes are occurring in the Earth's biogeochemistry (Austin et a] ., Chapter 2, this volume; Galloway, Chapter 14, this volume; Chapin et al. 2000) . Because of these shifts in global and regional biogeochemistry, as well as land use changes and the introduction of exotic species, we are in the midst of one of the largest extinction events in the history of life on Earth, with -extinction rates 100-1,000 times greater than prehuman rates. The ecosystem response to these multiple biogeochemical shifts depends largely on the response of the biotic community. For example, shifts in vegetation in response to these human-induced changes can have ecosystem impacts ,that are larger and different in direction than the direct biogeochemical response to these changes (Hobbie 1996; Shaw and Hane 2001) . Beyond a shift in composition, loss of diversity can compromise the capacity of a community to perform ecosystem functions, particularly in response to multiple stresses (Grifiths et d. 2000; Degens et d. 2001; Muller et 4.2002) .
In this chapter we explore the feedbacks between changes in biogeochemical interactions and biodiversity. Plant species richness is the component of biodiversity that is most ficquently studied in relationship to ecosystem function, but we indude other examples where they are available.
